In recent years structural diagnosis of the highly unsaturated fatty acids of natural origin has been facilitated by the increased use of spectral data, and by improvements in the methods of oxidative degradation due to Klenk & Bongard (1952) . However, there is still considerable disagreement on the suitability of some of the experimental methods that have been used in the isolation of individual acids. Thus Farmer & van den Heuvel (1938) have criticized the use of conventional vacuum-distillation techniques, and several authors have criticized the polybromide method on the grounds that structural alteration of such labile molecules can, and probably does, occur. Kolb & Brown (1955) have pointed out that the usefulness of low-temperature fractional-crystallization procedures may be limited by mutual-solubility effects.
The isolation of an eicosapentaenoic acid from South African pilchard oil (Sardina ocellata Jenyns) is now reported. The methods of separation used were similar to those described in earlier papers of this series (see Silk & Hahn, 1954b) in which the mild techniques oflithium salt-acetone segregation, urea-complex fractionation and molecular distillation were applied successively to prepare a concentrate of the required fatty acid which was then isolated by reversed-phase partition chromatography. After adapting existing oxidative and synthetic methods to small-scale use, the structure of the eicosapentaenoic acid was deduced to be the all ci8 form of eicosapenta-5:8:11:14:17-enoic acid.
The presence of eicosapentaenoic acids in natural products has frequently been reported in the past. Klenk (1954) refers to the presence of eicosapenta-5:8:11:14:17-enoic acid infish oil, but the subsequent paper promised by Klenk & Bongard has not yet appeared. Klenk & Dreike (1955) have claimed the presence of this acid in ox-liver lipid but they did not isolate it. Toyama & Tsuchiya (1935a) found an eicosapentaenoic acid in sardine oil, and later (1935b) suggested that it was the 4:8:12:15:18-pentaene. Tutiya (1940) mentioned the presence of this acid in sardine oil, and Matsuda (1942) found it in bonito oil and supported the 4:8:12:15:18 strUCtUre with oxidative evidence. The presence of eicosapentaenoic acids has been reported by Baldwin & Parks (1943) in menhaden oil; by White & Brown (1948) in ox-adrenal lipids; by Tsuchiya & Kato (1950) in herring oil; by Shorland & Johannesson (1951) in butter fat; by Herb, Witnauer & Riemenschneider (1951) in ox-adrenal lipid; by Tsuchiya & Okubo (1952) in fish-liver oil; by Toyama & Shimooka (1953) , who give the alkali isomerization spectrum, in sardine oil; and by Abu-Nasr & Holman (1954) , who determined some of the properties of the methyl ester, in cod-liver oil.
The data which have been given for most of the acids mentioned above do not allow any decision as to their degree of purity to be reached. (Silk & Hahn, 1954a ) most of the hydrogenation product appeared in one large peak corresponding to C20 saturated acid.
EXPERIMENTAL AND RESULTS
Reversed-phase partition chromatography of fraction 5, Table 1 . The conditions were similar to those described by Silk & Hahn (1954b) apart from modifications which are mentioned below.
About 0-4-g. of fraction 5 was taken up in methanol (6.5 ml.), 2 g. of kieselguhr-heptane mull was added and then water (3-5 ml.) slowly with agitation. The suspension was poured on to the top of a column (280 cm. x 1-5 cm.) of non-wetting kieselguhr supporting n-heptane as the stationary phase (prepared by shaking 9 g. with 8 ml.), and aqueous methanol (65%, v/v) as the mobile phase. A few millilitres of washings were added and the chromatogram was developed as described under Fig. 1 Silk & Hahn, 1954b) . In addition to the chromatogram shown in Fig. 1 C20Hg0O1 requires C, 79-4; H, 10-0%. No. of double bonds/ mol., 5-00; equiv. wt., 302; iodine value, 420.)
A Kuhn-Roth determination (Grant, 1951) gave the number of C-Me groups/mol. as 0-75.
Hydrogenation product. Chain-length analysis of the above hydrogenation product (Silk & Hahn, 1954a) showed the presence of only Cg0 saturated acid with possible traces of C21 acid.
The unsaturated acid (67 mg.) was hydrogenated over Adams's catalyst in ethanol. The product was filtered, extracted with pentane, crystallized once from pentane at -80°and dried under vacuum. It then had equiv. wt., 315, m.p., 748-750°, compared with equiv. wt., 312, m.p., 75.350 for n-eicosanoic acid (Francis & Piper, 1939) . Mixed with synthetic n-eicosanoic acid (m.p., 75.0-75.3°), it had m.p., 74.8-75.1°.
The X-ray long spacing of the product was 43-71 compared to 43-61 for synthetic n-eicosanoic acid. A value of 44-151 is given by Francis & Piper (1939) for the C modification of n-eicosanoic acid.
The infrared spectrum of the hydrogenation product in CS2 was identical with that of n-eicosanoic acid.
Oxidation product8. The unsaturated acid (80 mg.) was ozonized as described below for nonadecadienoic ester, except that no acetic anhydride was present. After decomposing with H202, KOH and HCI as below, the ether extract of the dicarboxylic acid residue proved to be completely soluble in water. Malonic and glutaric acids were identified by paper chromatography as described below. There was no trace of either oxalic acid or succinic acid. from Lauer, Gensler & Miller (1941) . AA1, Methyl arachidonate from Rusoff, Platt, Klevens & Burr (1945) and Barnes, Rusoff, Miller & Burr (1944) . EE1, Eicosapentaenoic acid isolated from pilchard oil.
Since no monocarboxylic acids could be isolated from the ozonolysis products, the unsaturated acid (20 mg.) was oxidized with CrO under the conditions described by Eisenbraun, McElvain & Aycock (1954) and the steam distillate concentrated to small volume. Paper chromatograms showed that the only volatile oxidation products were acetic and propionic acids.
Ultraviolet absorption. Apart from an inflexion at 232 mp. corresponding to 0.5% autoxidation (Silk & Hahn, 1954b) the eicosapentaenoic acid showed no absorption in the 220-300 m,. region. The spectrum is given in Figs. 2 and 3 . It can be seen from Fig. 2 that absorption in the 210-220 mp. region is closely similar to that shown by methyl arachidonate.
Alkali isomerization. The eicosapentaenoic acid (5.4 mg.) was heated at 1800 under nitrogen in a 21 % (w/v) solution of KOH in glycol for 8-5 min. (see Herb & Riemenschneider, 1952; Hammond & Lundberg, 1953) . The absorption spectrum is shown in Fig. 3 .
Infrared absorption. The spectrum shown in Synthesis and degradation of heneicosapentaenoic acid. The eicosapentaenoic acid (55 mg.) was used to prepare the methyl ester (39 mg.) of its higher homologue in the same way as described below for methyl nonadecadienoate. The product was ozonized and the non-volatile fragments were chromatographed on paper. Only malonic and adipic acids were detected.
Model synthetic and degradative experiments with linoleic acid Synthesis of methyl nonadecadi-10:13-enoate. Debromination linoleic acid (197 mg.) was mixed with oxalyl chloride (2-3 g.) at -20°in an evacuated flask. This was occasionally swirled during a period of 48 hr. at 4°. Excess of oxalyl chloride was then removed under vacuum at room temperature. The product was taken up in a few millilitres of dry ether and added slowly with swirling to a large excess of diazomethane (prepared from 0-6 g. of nitrosomethylurea) in dry ether (20 ml.) at -80°. The mixture stood under nitrogen at 00 for 2 hr. The ether and excess diazomethane were removed under vacuum and the product was taken up in dry methanol (3 ml.) and dry ether (2 ml.). To this, silver benzoate (50 mg.) dissolved in dry triethylamine (0.5 ml.) was slowly added dropwise with agitation (see Newman & Beal, 1950) . The dark suspension was allowed to stand for 2 hr. under nitrogen at room temperature. Some of the solvent was then removed under vacuum and the residual solution taken up in pentane (50 ml.) and washed twice with 35 ml. of 3N-HCI, twice with 35 ml. of w-KOH and three times with 50 ml. of water. The pentane was removed under vacuum, the residue taken up in methanol (1-2 ml.) and allowed to percolate through a column of charcoal (2 cm. x 0-6 cm.) supported on a layer of non-wetting kieselguhr. Evaporation of the eluate under vacuum gave a clear colourless oil (117 mg.) which was stored in a desiccator for a few days at 0.5 mm. Hg pressure, during which time samples were being removed.
The infrared spectrum of this compound in CS, was almost identical with that of the methyl ester of the original linoleic acid. The extinction coefficients at 968 cm.-' showed that the proportion of trans unsaturation was the same, namely 4% of the total double bonds (Swern, Knight, Shreve & Heether, 1950 (Francis & Piper, 1939 ).
An earlier synthesis of methyl nonadecadi-10:13-enoate is described by Karrer & Koenig (1943) .
Ozonolysia of methyl nonadecadi-10:13-enoate. Some of this product (54 mg.) was taken up in dry ethyl acetate (5 ml.) and acetic anhydride (1 ml.) and cooled to -80°. A faint blue colour appeared when 3% ozonized oxygen was passed through the solution for 7 min. at 60 ml./min. A stream of nitrogen was then blown through the solution for 30 sec. Hydrogen peroxide (1 ml. of '130 vol.') and acetic anhydride (1 ml.) were added to the solution with shaking, together with a few millilitres of acetone to prevent two phases forming. The solution stood for 4 hr. at 300, then overnight at 40, after which it was heated in boiling water for a minute or two. The solvents were evaporated under vacuum until a colourleas oil remained. This latter was heated on a water bath with 50% (w/v) KOH solution (2 ml.) for a few minutes, excess of concentrated HCI was added and the product vacuum-distilled to dryness. The distillate was collected, extracted with pentane and the latter solution washed twice with water. Evaporation of the pentane under vacuum gave a few drops of two immiscible colourless liquids (product A). The residue from the distillation was extracted several times with ether by decantation (15 ml. in all) and the extract itself evaporated to dryness and extracted twice with water (6 ml. in all). In this way the ozonolysis products were separated into fractions: A, volatile, pentane-soluble; B, 10-6 mg.; non-volatile, ethersoluble, water-soluble; C, 21-9 mg.; non-volatile, ethersoluble, water-insoluble. C was crystallized from boiling water and identified by its m.p. (131-0-131.8o ) and mixed m.p. (131.0-132.60 ) with a sample of sebacic acid (m.p., 131-8-132-6°).
Paper chromatography of short-chain acids. Systems (a) and (c) below are based on the methods of Lindquist & St6rgards (1953) and of Isherwood & Hanes (1953) . System (b) was suggested by Dr C. F. Garbers (private communication, see Cohn, Vis & Karrer, 1954) .
(a) C2-C7 monocarboxylic acids were identified by de- scending development with saturated aqueous butanol for 10 hr. The acids were applied as their ethylamine salts and 0-025N aqueous ethylamine was present in the developing tank. Papers were dried in a slow current ofair for 1 hr., then sprayed with 0-26% bromocresol green indicator in 50% (v/v) ethanol-butanol solution.
(b) C.-C8 dicarboxylic acids were developed (ascending method) for 3 hr. with a solution containing chloroform (25 ml.), formic acid (4 ml.), water (1 ml.) and acetone (9 ml.). Papers were dried as above for 4-24 hr., and sprayed with the same indicator to which just enough NaOH solution had been added to give the full alkaline colour.
(c) C7-C10 dicarboxylic acids were developed (descending method) with propanol-concentrated ammonia solution (60:40, v/v). After drying for 1 hr. the papers were sprayed with the indicator as in (a) but spots had to be marked immediately because of fading.
The ozonolysis products A, B and C were chromatographed in these systems. A contained only caproic acid with a trace of acetic acid, B contained malonic acid, and C contained only sebacic acid. The identification of C8 and higher acids was not possible in B because oftrailing near the solvent front.
The linoleic acid used in the synthesis described above was also ozonized and caproic, malonic and azelaic acids were identified in the products.
DISCUSSION
It is impossible to state with certainty the percentage purity of the n-eicosapentaenoic acid obtained. Possible contaminants are closely related analogues with analytical characteristics not markedly different from those of n-eicosapentaenoic acid. Further, it is conceivable that a contaminant having analytical characteristics which differ in one direction may be counterbalanced by a second contaminant which differs in another. Thus the fact that the elementary analysis, equivalent weight and hydrogen uptake are within the accepted limits does not enable one to decide the purity of the specimen.
The melting-point range of the acid was 0.6. The hydrogenated counterpart, once recrystallized from pentane at -80°, began to melt 0-5°below the upper limit of melting point of our authentic specimen of n-eicosanoic acid, and this point coincided with the literature value; a mixed melting point gave no depression. The X-ray long spacing gave 43-7k, in agreement with the result (43-6k) on our authentic acid; Francis & Piper (1939) recorded 44-15A. A reversed-phase chromatogram of the hydrogenated acid showed that octadecanoic acid was absent and that, if any docosanoic acid was present, then it was less than five per cent of the whole.
The chromatogram of the molecular distillate showed three distinct peaks of which the first and the second were well separated, whereas the third appreciably overlapped the tail of the second. In order to eliminate as much as possible of the third peak the material was chosen from the front portion ofthe second peak. The chromatographic curve does not enable one to assess the purity of any chosen fraction since different components may overlap so closely as to be incompletely resolved. More information as to the identity of the constituents of the other two peaks and of the way in which the acids present behave on reversed-phase columns should enable chromatographic curves to be used for the assessment of purity. Such a state of knowledge will obviously only be reached when the whole series of acids has been much more exhaustively studied.
The results relative to the purity of the neicosapentaenoic acid are probably more complete than so far exist for any other similar acid from natural sources. Nevertheless, the possibility that the n-eicosapentaenoic acid is a mixture of doublebond isomers still exists and is not easy to dispose of. The degradative evidence given below is consistent with the assumption that this is not the case, but small amounts of compounds other than the main one would not be detected.
The unsaturated acid contains no acetylenic linkage since its iodine value and hydrogen uptake correspond. The acid therefore has five double bonds, and these are not conjugated with each other or with the carboxyl group because the ultraviolet spectrum exhibits no bands and shows much less absorption below 240 mj.. than does n-heptadec-2-enoic acid.
The double bonds are all ci since there is no band in the infrared at 968 cm.-' (Fig. 4) ; there is no terminal unsaturation since no bands exist at 968 and 990 cm.-' (CH,: CH.) or at 330 cm.-' (CH: C.) (see Bellamy, 1954) . There is no distinct band at 1379 cm.-' characteristic of a CH.. group, but this may not have appeared because of the very broad absorption which stretches from 1370 to 1500 cm.-'.
Oxidation of the acid with chromium trioxide under the conditions described by Eisenbraun et al. (1954) yielded propionic and acetic acids as the volatile products; these were identified by paper chromatography. Presumably the acetic acid arose from further oxidation of the propionic acid. Ozonolysis yielded glutaric and malonic acids as the only identified dicarboxylic acids, whereas oxalic and succinic acids were absent. The acid could thus have any of the structures (I-V):
CH3.CH, . In choosing between these structures it is necessary to know whether the original carboxyl group appears as one of the carboxyl groups of the glutaric acid or not. The commonly used method of deciding this point is to mark the position of the original carboxyl group by esterifying it, and then to identify the half-ester formed after oxidation. However, the ease with which hydrolysis can occur during the manipulations involved led us to explore the possibility of attaching a non-removable group. Thus linoleic acid was converted by an ArndtEistert synthesis into methyl nonadecadi-10:13-enoate, which, on ozonolysis and hydrolysis, gave a high yield of sebacic acid together with caproic (hexanoic) and malonic acids. Repetition of the Arndt-Eistert synthesis on the n-eicosapentaenoic acid, followed by ozonolysis, gave adipic and malonic acids but no succinic acid or glutaric acid; the structure is thus (I) (all ci8-n-eicosapenta-5:8:11:14:17-enoic acid).
Alkali isomerization of the n-eicosapentaenoic acid gave ultraviolet absorption bands corresponding to conjugated pentaene, tetraene, triene and diene. This behaviour is typical of compounds containing the group .CH:CH .CH2. [CH:CH.CH, 2] .CH:CH. and is further confirinatory evidence for structure (I). According to Farmer (1942) double bonds separated by more than one methylene group do not move into conjugation under the usual alkaliisomerization conditions. We have checked Farmer's (1942) experiment (with squalene) and confirmed this, but it is obviously desirable that model singly and doubly methylene-interrupted polyenes not having branch methyl groups should be examined. Conjugated diene was formed in greatest amount, followed by triene, tetraene and pentaene in that order. Several authors have obtained much higher proportions of conjugated tetraenes and pentaenes (Herb et al. 1951; Toyama & Shimo-oka, 1953; Hammond, 1953) by alkali-isomerizing pentaene acids from other natural sources. This matter obviously needs further investigation. SUMMAlRY 1. c8-Eicosapenta-5:8:11:14:17-enoic acid has been isolated from South African pilchard oil by the techniques of lithium salt-acetone segregation, urea-complex fractionation, molecular distillation and reversed-phase partition chromatography. Some of the properties of this acid have been determined.
2. The position of the double bond nearest to the carboxyl group has been unambiguously determined by using an Arndt-Eistert synthesis in combination with a method of ozonolytic degradation. This procedure is probably of wide applicability.
3. The degree of purity of the acid has been critically considered. During an investigation of the action of sulphydryl inhibitors and reversal agents on a normal and drug-resistant strain of Trypano8oma rhodesiense it was found that low concentrations of certain thiols markedly inhibited trypanosome respiration. This result was unexpected in view of the earlier work of Voegtlin, Dyer & Leonard (1923) , who found that cysteine and glutathione added in vitro in relatively high concentrations protected trypanosomes against arsenicals without exerting a toxic effect per 8e when motility was used as a criterion. In a similar type of study Chen & Geiling (1948) found that cysteine did not affect the glycolytic rate of T. equiperdum in vitro, and Brand, Tobie & Mehan (1950) did not report an inhibition of trypanosome respiration by the sulphydryl compounds which they employed as protective agents against arsenicals.
However, in contrast, Strangeways (1937) observed that the motility of T. equiperdum was markedly inhibited when glutathione was added to the medium of Yorke, Adams & Murgatroyd (1929) in which the trypanosomes were maintained in vitro. This worker found that catalase abolished the inhibition and therefore concluded that it was caused by hydrogen peroxide.
We have shown that the respiratory inhibition of T. rhodesiense which we have observed is caused mainly by peroxide formed during the aerobic oxidation of the thiols employed.
MATERIALS AND METHODS Biological. The strain of T. rhodienese was isolated in 1923 from a patient with sleeping sickness and has subsequently been maintained by blood passage in mice. Suspensions of trypanosomes were obtained by bleeding
